In the present work, the affinity of gelatin type A and B for fibronectin (Fn) was evaluated using surface plasmon resonance, quartz crystal microbalance and radiolabelling experiments.
Summary
In the present work, the affinity of gelatin type A and B for fibronectin (Fn) was evaluated using surface plasmon resonance, quartz crystal microbalance and radiolabelling experiments.
The affinity study was performed on both hydrogel films and 3D scaffolds. The results indicate that type A gelatin films possess a higher affinity for Fn compared to type B gelatin films. This can be explained by a combination of hydrophobic and electrostatic interactions occurring between gelatin type A and Fn. In a second part of the work, the affinity of Fn for a series of porous gelatin scaffolds was also evaluated. The scaffolds were prepared by a cryogenic treatment and subsequent freeze-drying (Van Vlierberghe et al, 2007, Biomacromolecules, 8, [331] [332] [333] [334] [335] [336] [337] . Type I hydrogels were composed of cone-like pores with decreasing diameter from top (330 µm) to bottom (20-30 µm) . Type II scaffolds contained spherical pores with an average diameter of 135 µm. The results of the various scaffolds indicate that the Fn density on the gelatin scaffolds can be easily finetuned by varying the Fn concentration, the gelatin type (A versus B) and various scaffold properties including the pore size and the pore geometry (type I versus type II scaffolds).
Introduction
Fibronectin (Fn) is a major component of the extracellular matrix. [1] In a surface adsorbed state, it is active and regulates a wide variety of cellular processes including cell adhesion, differentiation, proliferation and migration.
[2] Consequently, Fn is often applied as a bioactive coating in order to improve the cell interactive properties of biomaterials. [3] [4] [5] In many cell interaction studies, Fn-coated surfaces were applied to enhance cell attachment. [6, 7] Moreover, the effect is Fn concentration dependent. [8] In one study, Ti surfaces, coated with a Fn concentration of 0.21 µg/mm 2 , significantly increased cell attachment in contrast to uncoated surfaces and Ti surfaces, containing 0.023 µg/mm 2 or 0.65 µg/mm 2 Fn. [9] It was suggested that Fn affects cell attachment by binding through cell surface receptors and mediating adhesive interactions. It was also reported that Fn unfolds into an inactive conformation at a low concentration. However, at high concentrations, the unfolding was prevented by molecule packing phenomena. These data suggest that the conformation of proteins plays an important role in mediating cell attachment. [9, 10] In another study, it was shown that the Fn densities required to enable cell attachment on culture plastics was in the range of 10-15 ng/cm 2 . [11] As a consequence, controlling and varying the amount of Fn deposited onto biomaterials is essential to enable the preparation of tissue engineering devices possessing specific cellinteractive properties (e.g. for cardiovascular, ocular or skin replacement applications).
In a previous study, we have reported the synthesis of porous gelatin scaffolds with a controlled pore size and pore morphology by applying a cryogenic treatment. [12] The porous hydrogels were suitable for the attachment and growth of a large variety of human cells over longer time periods. [13] In the present work, Fn will be applied as coating on these scaffolds to further improve their applicability for tissue engineering purposes.
The concept is based on the fact that several subunits of Fn possess a binding site for gelatin. [14] This pronounced affinity has resulted previously in the application of gelatinmodified stationary phases for the chromatographic separation of Fn from plasma and serum. [15] [16] [17] In addition, Miekka et al have shown that the gelatin-Fn bond is rather strong. [18] Based on these literature data, gelatin-based hydrogels are anticipated to bind Fn.
Since chemical modifications of Fn can alter its biological activity, incorporation via physical interactions is preferred. [19, 20] The coating process will be evaluated using surface plasmon resonance (SPR), quartz crystal microbalance (QCM) and radiolabelling experiments. Each of these techniques has specific advantages and drawbacks which are summarised in table 1.
A quantitative evaluation of the Fn affinity for gelatin hydrogels has, to the best of our knowledge, not been published so far. Therefore, in the present work, we aim to apply and compare various methods for studying the effect of the gelatin type (A versus B), the material structure (film versus porous scaffold) as well as the effect of pore size and geometry on the interaction with Fn.
Experimental Part

Materials
Type B gelatin (IEP = 5, Bloom strength = 257), isolated from bovine skin by the alkaline process, was kindly supplied by SKW Biosystems (Ghent, Belgium horse, mink, monkey, mouse, musk ox, polecat, racoon dog, rat, seal, sheep, swine and wildebeest. [21] Na 125 I (100 mCi/ml) was purchased from Perkin-Elmer. Sodium phosphate (dibasic, anhydrous, p.a.) and potassium hydrogen phosphate were obtained from Acros (Geel, Belgium). Sodium azide (99%) was obtained from Avocado Research Chemicals Ltd.
(Karlsruhe, Germany).
The SPR chips used were bare gold chips (SIA Au Kit, Biacore, GE Healthcare Europe GmbH, Belgium).
Preparation of hydrogel films
Both type A and type B gelatin-based hydrogel films were prepared as described previously. [22] Briefly, the amine sidegroups in gelatin were chemically modified with methacrylamide moieties, resulting in a degree of substitution (DS) of 60% relative to the original content of the primary amines. [22] In a typical experiment, an aqueous solution of modified gelatin (10 w/v % gel-MOD), containing the photo-initiator Irgacure® 2959 (2 mol% relative to the methacrylamide side chains), was injected between two glass plates separated by a silicone spacer (1 mm thick). Subsequently, the mixture was exposed to UVlight (279 nm, 10 mW/cm 2 ) for 30 minutes. The chemically crosslinked hydrogels were stored at 5°C until evaluation.
Preparation of porous hydrogel scaffolds
Both type A and type B gelatin-based scaffolds were prepared as described previously. [12] Shortly, methacrylamide modified gelatin (10 w/v %), containing 2 mol% Irgacure® 2959, was allowed to gel prior to exposure to UV-light (279 nm, 10 mW/cm 2 ). After placing the chemically cross-linked hydrogel in the cryo-unit (see figure 1 ), the temperature of freezing and the cooling rate were programmed with a Julabo, type FP40-ME. Under the bottom of the mould, a Peltier element (thermo electric cooler, TEC) was positioned to enable a temperature gradient to be applied. The applied TEC was a DuraTec DT12 type from Marlow industries.
The aluminum heat exchangers and the electronic TEC controller were designed, built and assembled by the technical workshop (CWFW) of the Faculty of Sciences, Ghent University.
Two scaffold types were prepared by applying different cooling regimes (see table 2 ). Type I hydrogels, possessing channel-like pores, were cooled from 21°C to -30°C at a cooling rate of 0.15°C/min. During the freezing step, a temperature gradient of 30°C between top and bottom of the scaffold was applied. Type II hydrogels were obtained by applying the same cooling regime as for type I hydrogels, but without implementing a temperature gradient during the cryogenic treatment. After incubating the samples for one hour at the final freezing temperature (i.e. -30°C), the frozen hydrogels were transferred to a freeze-dryer to remove the ice crystals, resulting in porous scaffolds. [12] 
Water uptake capacity
Freeze-dried gelatin scaffolds (1 x 1 x 0.5 cm 3 ) were weighed and then immersed in 80 ml double distilled water at 37°C, in the presence of sodium azide to prevent bacterial growth. At regular time points, the hydrogels were removed from the solution, dipped gently with paper and weighed again. The hydration properties were calculated using the following equation:
W 0 = initial weight of the dry scaffold; W t = weight of the hydrated hydrogel at time point t.
All data points are the mean value of three separate measurements.
Measurements of the hydrodynamic volume of Fn
The hydrodynamic diameter of Fn was obtained using light scattering measurements (DLS-700, Otsuka). The measurements were carried out at 25°C at a scattering angle of 90° and the reported value for the hydrodynamic diameter is an average of three measurements. The Fn stock solution (1 mg/ml in 0.5 M NaCl, 0.05 M Tris, pH 7.5) was diluted to a concentration of 50 µg/ml using double distilled water.
Surface Plasmon Resonance experiments
The Fn affinity for both type A and type B gelatin was monitored using surface plasmon resonance (SPR) measurements. The apparatus used was a Biacore-X equipped with a 500 µl 
Surface analysis
The presence of gelatin on the sensor chip after spincoating and the stability of the applied layer after incubation in SPR running buffer, was confirmed by ATR-FTIR measurements (Biorad FT-IR spectrometer FTS 575C), atomic force microscopy (AFM), contact angle measurements and scanning electron microscopy (SEM).
AFM-studies were performed with a Nanoscope IIIa Multimode (Digital Instruments, Santa Barbara, California, USA) applying 'tapping mode' in air. Changes in surface morphology are quantified by root-mean-square (RMS) roughness values (R q ). The RMS roughness is defined as follows:
where Z ave is the average Z height value within a given area, Z i is the current Z value and N is the number of points within the given area.
Σ -
For the contact angle measurements, 1 µl of double distilled water was placed on the hydrogel surface. The penetration of the droplet in the hydrogel film was imaged using a video camera using 25 frames/second. The contact angle was determined on the screen of the monitor using the imaging software provided by the supplier (SCA 20, version 2.1.5 build 16).
The thickness of gold-sputtered gelatin-coatings was measured using scanning electron micrographs of cross-sections of spincoated chips obtained on a Fei Quanta 200F (field emission gun) scanning electron microscope.
Quartz Crystal Microbalance experiments
Quartz Crystal Microbalance measurements were performed using a Q-Sense E4 apparatus (Q-Sense AB, Göteborg, Sweden). Gold-coated QCM crystals (5 MHz, AT-cut) were spincoated with 90 µl of an aqueous 5 w/v% gel-MOD (degree of substitution 60%) solution, containing 2 mol% Irgacure® 2959, at a speed of 6000 rpm during 90 seconds prior to UVexposure (20 min., 279 nm, 10 mW/cm 2 ).
Next, the gel-MOD-coated sensors were inserted in the QCM apparatus. After baseline stabilisation, aqueous Fn solutions (1 and 25 µg/ml) were rinsed over the gel-MOD-coated surface. Next, the system was flushed with PBS (pH 7.4) until a stable baseline was obtained, followed by rinsing an aqueous anti-Fn solution (0.051 g/l) over the sensor surface. The measurements were performed at 25°C. Multiple frequency and dissipation data were modelled and converted to deposited masses on the crystal surface.
Radiolabelling experiments
Fn was labelled with 125 I. Isotopes were obtained from Bristol-Myers Squibb. Radioiodination was performed using the Iodo-Gen method as previously described. [23] In brief, a mixture of sodium iodide and protein was added to an Iodo-Gen-coated reaction vial and reacted for 15 min at room temperature. Protein-bound iodine was separated from free iodide by passing the solution over a PD-10 column (GE Healthcare Europe) equilibrated with PBS. Finally, aqueous 125 I-Fn solutions (1 -200 µg/ml, pH 7.4) were prepared.
Hydrogel films (Ø 7 mm) and hydrogel scaffolds (0.5 cm thick, Ø 7 mm) were incubated for 1 hour in respectively 500 µl and 1 ml phosphate buffered saline (pH 7.4) (PBS), containing 125 I-Fn (1 -200 µg/ml). Next, the hydrogels were removed and washed three times in 500 µl PBS for 5 minutes. The incorporated Fn amount was obtained by counting the hydrogel radioactivity with a gamma counter (Cobra II, Perkin Elmer). All experiments were performed in triplicate.
Results and Discussion
The rationale for coating gelatin scaffolds with Fn, is based on the anticipated affinity between gelatin and fibronectin. [14] The gelatin-Fn affinity has been previously applied in affinity chromatography using gelatin-based columns in which Fn was purified from plasma and serum. [15] [16] [17] In the present work, we have applied surface plasmon resonance (SPR), quartz crystal microbalance (QCM) and radiolabelling experiments to evaluate the fibronectin (Fn) affinity of gelatin. Since SPR and QCM analysis require films which are deposited on the chips, we first studied the Fn affinity for hydrogel films. For the final biomaterial application, porous 3D-scaffolds are required. So, we also included those materials in the affinity study using radiolabelling experiments. The effect of the gelatin type (A versus B), the hydrogel structure (film versus porous scaffold) and the scaffold characteristics (pore size and geometry) were studied.
Surface plasmon resonance measurements
Study of the binding affinity
In a first part of the work, the affinity of gelatin type B for Fn was monitored using SPR. SPR is a very sensitive technique that enables real time measurement of adhesion phenomena at interfaces. To enable SPR analysis, gelatin-methacrylamide (gel-MOD) type B was spincoated on a SPR sensor and subsequently crosslinked. In order to verify the presence of gel-MOD onto the sensor surface, ATR-IR spectroscopy, contact angle measurements and atomic force microscopy were performed. ATR-IR spectra were recorded before and after spincoating (see figure 2). It can be concluded that upon spincoating, the typical protein peaks (1650 cm -1 and 1540 cm -1 ) appeared in the spectrum, indicating the deposition of a gel-MOD layer on the surface of the sensor chip. Moreover, a decrease in contact angle after spincoating from 102° to 40° using 5 w/v% gel-MOD was observed (figure 3). Next, surface profiles of both an uncoated gold chip ( figure 4A ) and a gel-MOD-coated sensor (figure 4B) were recorded using AFM. As indicated in figure 4 , the immobilization of gel-MOD on the sensor chip significantly alters the surface morphology. The uncoated gold chip has a relatively smooth surface (figure 4A), while after gel-MOD immobilization, globular domains can be distinguished in the surface profile ( figure 4B) . Moreover, the roughness, as obtained from equation (1), increased from 0.1 nm to 0.4 nm after gel-MOD immobilization on the SPR chip. Stability studies further revealed that the coating applied was stable at room temperature against the running buffer of the SPR experiment (data not shown).
Since the layer deposited on the sensor surface may not exceed 300 nm to enable propagation of the evanescent wave in the surrounding medium, we also measured the thickness of the deposited layer. In figure 5 , an image showing a cross-section of a gel-MOD-coated sensor as obtained using scanning electron microscopy (SEM) is depicted. The result indicates that the layer thickness was 60 nm, thus enabling the gel-MOD-coated sensor to be applied in SPR measurements.
The SPR sensorgrams (see figure 6A) It is anticipated that the orientation of the attached Fn molecule determines possible effects on cell anchorage, since the cell attachment mechanism is thought to involve the linkage of α 5 β 1 transmembrane integrin receptors to the Fn cell binding site. [24] A frequently applied test for binding site availability which also gives an estimation of the molecular orientation, is the degree to which antibodies bind to immobilized proteins. [25] Therefore, a Fn-antibody was flushed over the Fn-coated gelatin surface. Interestingly, the response of the anti-Fn did not increase with the amount of Fn adsorbed on the surface (see figure 6A ). It can be anticipated that Fn multilayers were deposited onto the sensor chip, while the anti-Fn can only interact with the top Fn layer.
Gelatin B is processed by an alkaline treatment.
[26] The alkaline pre-treatment converts glutamine and aspargine residues into glutamic acid and aspartic acid, which results in a carboxylic acid content of 118 per 1000 amino acids for gelatin B. At physiological pH, the gelatin B chains possess a net negative charge due to the presence of -COO -groups.
Since type B gelatin and Fn possess iso-electric points in the range of 5-6, both biopolymers are negatively charged at physiological pH. [26, 27] This implies that gelatin type B/Fn interactions are mainly hydrophobic in nature. A second type of gelatin which has been applied for the development of biomaterials, is gelatin type A, obtained after an acidic treatment.
[28] Gelatin type A possesses an iso-electric point of 8 and is positively charged at physiological pH. It can be anticipated that in addition to hydrophobic interactions, electrostatic interactions with Fn can also occur.
In order to study the possible effects of the iso-electric point on the Fn affinity, gel-MOD (type A) was also spincoated on an SPR sensor and crosslinked subsequently. Again, experiments were performed confirming the presence and the stability of the spincoated gel-MOD layer on the SPR chip (data not shown). The gel-MOD (type A) coated SPR chips were subsequently used for studying the interaction with Fn (1-200 µg/ml). The sensorgrams (see figure 6C ) indicate that the amount of adsorbed Fn again increased with an increasing Fn concentration applied. In similarity to gelatin type B, a linear correlation (r² = 0.95) between the Fn concentration and the SPR response was obtained ( figure 6D ).
Study of binding kinetics
In all SPR experiments described in the previous paragraph, a flow rate of 50 µl/min was applied in order to exclude mass transport limitations, thus enabling evaluation of the binding kinetics.
[29] Table 3 
Quartz Crystal Microbalance experiments
In contrast to SPR, QCM is a technique which enables quantitative analysis of the amount of adsorbed Fn on the gelatin surface. In order to enable a quantification of the amount of Fn coated on the gelatin films, we therefore performed a series of QCM experiments. QCM enables monitoring various properties of the deposited layer on the crystal surface including mass, thickness and visco-elasticity.
QCM crystals were spincoated using an aqueous gel-MOD solution (5 w/v%, type A and B).
In order to verify the presence and the stability of modified gelatin onto the crystal surface, ATR-IR spectroscopy, contact angle measurements and atomic force microscopy were performed (data not shown). The gelatin (type A and B) mass deposited on the QCM chips was obtained by measuring the frequency differences between both an uncoated and a gel-MOD-coated crystal in air using QCM. All frequency values (overtones etc.) were in Δ excellent agreement (data not shown) enabling mass determination using the Sauerbrey relation: The gel-MOD-coated crystals obtained were subsequently used for studying the interaction with Fn at concentrations of 1 and 25 µg/ml.
If the adsorbed layer is not rigid, the Sauerbrey relation becomes invalid. Because a viscoelastic film will not fully couple to the oscillation of the crystal, the Sauerbrey equation
underestimates the mass deposited at the surface. [32] A viscoelastic film dampens the crystal's oscillation. The dissipation of the oscillation of the quartz crystal gives an idea on the viscoelastic properties of the attached layer. The dissipation is determined according to the following equation:
E lost = energy dissipated during one oscillation cycle; E stored = energy stored in the oscillator
The dissipation of a crystal can be measured by recording the response of a freely oscillating crystal, vibrating at its resonance frequency. By measuring at multiple frequencies and applying the Voight model, the deposited viscoelastic film can be characterized in detail.
Sauerbrey as well as Voight masses were calculated respectively using equation (3) and (4).
Different frequency and dissipation responses indicated visco-elastic behaviour of the proteins deposited on the crystal surface. As a result, only Voight masses were taken into account and
compared. An overview of film thicknesses and Voight masses are summarized in table 4.
The data obtained for the masses include the amount of water deposited on the sensor crystal. Fn denaturation occurs to some extent since one of the driving forces for the gelatin-Fn affinity is hydrophobic in nature. The latter phenomenon also results in lower Fn layer thicknesses on gelatin-coated QCM chips.
Radiolabelling experiments
Since QCM and SPR measurements are limited to monitoring interactions at surfaces, an alternative technique was elaborated enabling the study of the Fn affinity for 3D porous gelatin hydrogels.
In a first part, 10 w/v% crosslinked gel-MOD (type A and type B) hydrogel films were prepared and their Fn affinity was evaluated. This enabled correlation with the SPR and the QCM data obtained. The hydrogel films prepared (Ø 6 mm x 1 mm) were incubated for 1 hour in PBS at ambient temperature, in the presence of 125 I radiolabelled Fn (1-200 µg/ml).
The polymer films were washed three times in PBS, prior to radioactivity measurements. The experiments were performed in triplicate and the mean values are depicted in figure 7 .
In figure 7 , the Fn mass adsorbed by the hydrogel films is plotted as a function of the applied Scaffolds with varying pore size and pore geometry were prepared as reported earlier (see table 2 ). [12] The materials developed were compared in terms of their Fn affinity. This is of relevance since it is anticipated that Fn uptake in the gelatin cryogels developed would improve their in vitro biocompatibility. In addition to the influence of the pore size and the pore geometry, the effect of the gelatin charge (cfr. iso-electric point) on the Fn affinity was also evaluated. The four Gel-MOD combinations obtained (type AI, type AII, type BI and type BII) scaffolds were incubated in aqueous 125 I-Fn solutions (1-200 µg/ml) for 1 h at ambient temperature to monitor their Fn interaction. In figure 9 , the absorbed Fn mass is depicted as a function of both the Fn concentration and the scaffold type applied. The results indicate that type I scaffolds interacted to a higher extent with Fn compared to type II hydrogels (figure 9) for both type A and type B gelatin. This phenomenon is most likely related to differences in mass transport phenomena between type I and type II hydrogels. The latter assumption is supported by the different water uptake capacity of type I and type II hydrogels (see figure 10) . The channel-like pore morphology of type I hydrogels leads to a higher swelling compared to the one observed in type II hydrogels ( figure 10) . [33] It should be mentioned that both hydrogel types are fully interconnected, [34] which implies that pore interconnectivity can be ruled out as a factor determining the Fn adsorption.
In addition to the effect of the structural properties, the influence of the overall charge of the gelatin hydrogels on the Fn affinity was also evaluated. Therefore we determined the water uptake capacity of both gelatin A and gelatin B based hydrogels. The results (see figure 10 ) indicated that the water uptake capacity of type A gel-MOD scaffolds was lower compared to the water uptake capacity of type B gel-MOD hydrogels. The latter is due to electrostatic repulsions caused by the carboxylate groups of gelatin B (see paragraph 3.1.1) and thus resulted in larger scaffold expansion compared to type A gelatin. This phenomenon leads to a higher water uptake capacity of type B hydrogels.
The latter observation is in agreement with earlier literature reports. [35] [36] [37] [38] As examples: Bajpai et al investigated the effect of the gelatin type on the release profile of sulphamethoxazole by loading the drug on both gelatin A and B nanoparticles. The results indicated that the fractional drug release from type B gelatin was higher compared to type A gelatin. The results were ascribed to the larger swelling capacity of type B nanoparticles. [35] Similar results were obtained for the release of chloroquine phosphate from gelatin nanoparticles. [38] As a result, type A scaffolds possess a lower Fn affinity compared to type B derivatives.
Conclusion
Various techniques including surface plasmon resonance, quartz crystal microbalance and radiolabelling experiments were applied to study the interaction between Fn and gelatin. A detailed study of the interactions occurring is of great relevance in the field of biomaterials science since Fn is often applied as top layer in the design of implant materials.
The present work indicates that gelatin-based hydrogels can be coated using cell-interactive proteins including Fn. The amount of incorporated Fn can be easily finetuned by varying the applied concentration. Type A gelatin films showed a higher affinity for fibronectin compared to type B gelatin films, as anticipated based on their iso-electric points. Porous gelatin scaffolds, however, showed an opposite trend. Type B scaffolds incorporated a higher Fn amount compared to type A matrices due to larger expansion possibilities of type B scaffolds.
In addition to the gelatin charge, the Fn affinity is also influenced by structural properties of the hydrogel scaffolds including the pore size and the pore geometry. 
